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THIN FILM FORMING METHOD AND FORMING DEVICE THEREFOR 
BACKGROUND OF THE INVENTION 

Field of the Invention 

[0001] The present Invention relates to a method of manufacturing a thin film and 
a sputtering apparatus, particularly to a method of manufacturing a thin film, and a 
sputtering apparatus in which sputtering is performed to form a thin film having 
desired optical characteristics on a substrate. 

Description of the Related Art 

[0002] Attempts have heretofore been made to design an optical thin film using 
limited materials in the natural world in order to design optical spectral characteristics 
required for a certain product group. However, when the optical thin film is designed 
using the limited materials in this manner, the design becomes complicated, and it 
has been difficult to obtain the thin film having arbitrary optical characteristics. 

[0003] Therefore, it has been necessary to obtain a material having an arbitrary 
refractive index and decay coefficient, that is, a material which does not exist in the 
natural world. For example, to constitute a wide-band reflection preventive film, a 
material is required which hardly exists in the natural world and which has an 
intermediate refractive index (between 1 .46 and 2.20). For example, as to glass, in 
general, when a reflectance of glass is set to a low reflectance in a general visible 
light range, a material is required to have a refractive index in a range of 1 .46 to 
2.20. The reflectance is referred to as the intermediate refractive index. The 
following techniques are known in which the above-described intermediate refractive 
index is obtained. 

[0004] That is, the followings have been known: a technique for simultaneously 
evaporating from separate evaporation sources a low-refractive material (e.g., SiOa 
(refractive index: 1.46)) and a high-refractive material (e.g., TiOa (refractive index: 
2.35)) to obtain the intermediate refractive index (1 .46 to 2.40) by a mixture ratio; a 
technique for mixing the low and high-refractive materials, and evaporating the 
materials simultaneously from one evaporation source to obtain the intermediate 
refractive index by the mixture ratio; an equivalent film technique for equivalently 
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obtaining the jntemriediate refractive index by a combination of the low and high- 
refractive materials and the like. 

[0005] Moreover, as a technique capable of arbitrarily controlling the refractive 
index and capable of obtaining a metal compound thin film whose optical or 
mechanical characteristics and the like are stabilized, a technique Is known in which 
after sputtering on a substrate, each target comprising a low-refractive material (e.g.. 
Si02 (refractive index: 1.46)) and a high-refractive material (e.g., Ti02 (refractive 
index: 2.35)) to form a super thin film comprising a composite metal, an active seed 
of a reactive gas such as oxygen is brought into contact with the super thin film, and 
the super thin film is reacted with the active seed of the reactive gas, and converted 
into a compound of the composite metal. This step is repeated until a compound 
thin film of the composite metal is formed on the substrate. The thin film has a 
desired film thickness and optical characteristics (e.g., Japanese Patent Application 
Laid-Open No. 09-263937 (pages 2 and 3, FIG. 1)). 

[0006] In this technique, each target is sputtered comprising at least two or more 
independent heterogeneous metals, the super thin film Is formed comprising a 
composite metal or an incomplete reactant of the composite metal on the substrate, 
the formed super thin film is brought into contact and reacted with the active seed of 
a reactive gas mixed with an inactive gas having a chemically inactive property, and 
the film is converted into the compound of the composite metal. This step is 
repeated until arbitrary optical characteristics are obtained within a range of the 
original optical property of the compound of a single metal constituting the compound 
thin film of the composite metal (e.g., Japanese Patent Application Laid Open No. 
2001-01 1605 (pages 2 to 4. FIG. 1)). 

[0007] Furthermore, a method is also known in which a flow rate of the reactive 
gas is adjusted when introduced into a reaction or film-forming process zone, and 
accordingly, optical characteristics are adjusted such as a refractive index and a 
decay coefficient with respect to the formed thin film. 

[0008] However, there has been a problem that it is difficult to control the 
refractive index and obtain a process having a stabilized quality in the technique for 
evaporating the low and high-refractive materials simultaneously from the separate 
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evaporation sources to obtain the intermediate refractive index by the mixture ratio, 
the technique for mixing the low and high-refractive materials, and evaporating the 
materials simultaneously from one evaporation source to obtain the intermediate 
refractive index by the mixture ratio, the equivalent film technique for equivalently 
obtaining the intermediate refractive index by the combination of the low and high- 
refractive materials and the Nke. ' ~ ~ - - 

[0009] To solve the problem, the technique is known in which, after sputtering on 
the substrate, each target comprising the low and high-refractive materials to form 
the super thin film comprising the composite metal, the super thin film is brought into 
contact and reacted with the active seed of the reactive gas like oxygen, and 
converted into the component of the composite metal. This step is repeated until the 
compound thin film of the composite metal is formed on the substrate. The thin film 
has the desired film thickness and optical characteristics. 

[0010] It is to be noted that the term "super thin film" Is used in order to prevent 
confusion with the term "thin film" because the super thin film is deposited a plurality 
of times and formed into a final thin film, and it is meant the super thin film is 
sufficiently thinner than the final "thin film". 

[001 1] According to this technique, the refractive index can be arbitrarily 
controlled, and the metal compound thin film can be obtained whose optical or 
mechanical characteristics and the like are stabilized. However, at least two or more 
types of a plurality of metals need to be used as the target. Although the metal 
compound thin film comprising the composite metal can be obtained, there has been 
a problem that It is difficult to form the thin film whose refractive index is arbitrarily 
controllable and whose optical and mechanical characteristics and the like are 
stabilized by the use of the single metal only. 

[0012] To solve the problem, the technique is known In which, In the use of the 
single metal only as the target, the flow rate of the reactive gas is adjusted when 
Introduced in performing the sputtering, and the optical characteristics of the formed 
thin film are adjusted. The optical characteristics Include the refractive index, decay 
coefficient and the like. 
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[0013] As shown in FIGS. 8 and 9, for example, when oxygen is used as the 
reactive gas, it is possible to adjust the refractive index and the decay coefficient 
which are the optical characteristics of the thin film formed by changing an oxygen 
flow rate in a range in which the oxygen flow rate is excessively high or low, for 
example, in a relation between the oxygen flow rate and the optical characteristics of 
the thin film which are the refractive "ihdex and decay coe^^ However,- the - - - 
graph rapidly changes in a range in which the oxygen flow rate is 15 seem or less 
and which does not include 0 seem, and the oxygen fiow rate needs to be strictly 
adjusted in order to form the thin film having the refractive index and decay 
coefficient which are obtained by the use of the oxygen fiow rate in this range. 

[0014] As shown in FIGS. 8 and 9, when the oxygen gas flow rate increases or 
decreases, a so-called hysteresis phenomenon occurs where change routes differ in 
the refractive index and decay coefficient which are the optical characteristics of the 
thin film. Therefore, it is more difficult to control the optical characteristics of the thin 
film by adjusting the oxygen gas flow rate. Thus, when forming the thin film having a 
refractive index in a range of about 1 .5 to 3.5, and a decay coefficient in a range of 
about 1.0x10'^ to 12.0x10'^, the oxygen fiow rate needs to be strictly adjusted. 

[0015] Therefore, in the method in which the oxygen flow rate is adjusted to 
thereby form the thin film having the refractive index and decay coefficient in the 
above-described ranges, reproducibility is unsatisfactory depending on a range of 
the oxygen flow rate, and it is very difficult to form the thin film having the desired 
optical characteristics with a high reproducibility. Therefore, there has been a 
demand for a technique for forming the thin film having the refractive index and 
decay coefficient which are the optical characteristics in these ranges. 

SUMMARY OF THE INVENTION 

[0016] The present invention has been developed in view of the above-described 
problems, and an object is to provide a thin film manufacturing method and a 
sputtering apparatus for manufacturing a thin film with a high reproducibility. The 
thin film has optical characteristic values in a region in which a hysteresis 
phenomenon occurs where a change route of the optical characteristic value differs 
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with respect to a reactive gas flow rate, when a flow rate of a reactive gas is 
increased or decreased by the use of a single metal only. 

[001 7] According to various embodiments of the present invention, there is 
provided a method of forming a thin film, comprising an intermediate thin film forming 
step of sputtermg a target comprising a single type or a plurality of types of metals to 
form an intermediate thin film comprising the metal or an Incomplete reactant onto a 
substrate; a film composition converting step of bringing the formed intermediate thin 
film into an active seed of a reactive gas mixed with an inactive gas having a 
chemically inactive property in such a manner that the intermediate thin film is 
reacted with the active seed of the reactive gas, and converted into a compound of 
the metal; and an optical characteristic adjusting step of repeatedly conveying a 
substrate holder between a zone to perform the intermediate thin film forming step 
and a zone to perform the film composition converting step while controlling a 
conveying speed of the substrate holder for holding the substrate, repeatedly 
performing the intermediate thin film formation and the film composition conversion, 
and accordingly adjusting a film composition of a finally formed thin film to form the 
thin film having an optical characteristic value of a region in which a hysteresis 
phenomenon occurs where a change route of the optical characteristic value differs 
with a reactive gas flow rate in a case where a flow rate of the reactive gas is 
increased and a case where the flow rate is decreased. 

[0018] Thus, the substrate holder is formed in such a manner as to be movable 
between the film formation process zone to perform the intermediate thin film forming 
step and a reaction process zone to perform the film composition converting step, 
and the moving speed of the substrate holder can be adjusted. Then, it is possible 
to adjust a sputtering time In the film formation process zone and a reaction time of 
the Intermediate thin film with the active seed of the reactive gas in the reaction 
process zone. Therefore, the composition of the finally formed thin film can be 
adjusted, and it Is possible to easily form with a high reproducibility the thin film 
having the optical characteristic value in the region where the hysteresis 
phenomenon occurs. The region is a range in which it is difficult to control the 
optical characteristic value of the thin film. 
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[0019] At this time, in the optical characteristic adjusting step, the substrate 
holder is rotated/driven. The holder holds the substrate on an outer peripheral face 
thereof, and has a cylindrical shape or a hollow polygonal pole shape. A rotation 
speed of the substrate holder is preferably controlled to thereby form the thin film of 
the optical characteristic value of the region in which the hysteresis phenomenon 
occurs. "~~ 

[0020] Consequently, the substrate held by the substrate holder is repeatedly 
smoothly conveyed between the film formation process zone and the reaction 
process zone, and the rotation speed of the substrate holder is controlled, so that a 
stable conveying speed control is possible. Moreover, it is possible to form the thin 
films at once by sputtering with respect to a large number of substrates held on the 
outer peripheral face of the substrate holder, and a mass production of the thin films 
is possible. 

[0021] Furthermore, the region in which the hysteresis phenomenon occurs is the 
region of the optical characteristic value of the thin film formed at a reactive gas flow 
rate introduced when performing the sputtering. The flow rate is 15 seem or less, 
and does not include 0 seem. 

[0022] In the region, since a ratio of the change of the optical characteristic is 
large with respect to a change of the reactive gas flow rate, and the hysteresis 
phenomenon occurs, it is very difficult to control the optical characteristic of the 
formed thin film by the adjusting of the reactive gas flow rate. Therefore, in the 
region, instead of adjusting the reactive gas flow rate, the rotation speed of the 
substrate holder is adjusted to thereby control the optical characteristic of the formed 
thin film, and it is possible to form the thin film having the desired optical 
characteristic with a high reproducibility. 

[0023] According to various embodiments of the present invention, there is 
provided a thin film forming apparatus comprising: a substrate holder which is 
disposed in a vacuum tank and which holds a substrate; a film formation process 
zone which is disposed in the vacuum tank and in which sputtering is performed with 
respect to a target comprising a single type or a plurality of types of metals to form 
an intermediate thin film on the substrate; a reaction process zone comprising active 
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seed generating mechanisms for generating an active seed of a reactive gas, and 
disposed in the vacuum tank In which the intermediate thin film is reacted with the 
active seed of the reactive gas to form a thin film; partitioning mechanisms for 
spatially separating the film formation process zone and the reaction process zone 
from each other; substrate holder driving mechanisms for driving the substrate 
holder in order to convey the substrate between a positloh facing the film formation 
process zone and a position facing the reaction process zone; and substrate holder 
conveying speed controlling mechanisms for controlling the substrate holder driving 
mechanisms in a range configured to form the thin film having an optical 
characteristic value in a region where a hysteresis phenomenon occurs in which a 
change route of the optical characteristic value differs with respect to a reactive gas 
flow rate in a case where the flow rate of the reactive gas is increased and in a case 
where the rate is decreased. 

[0024] Thus, the apparatus comprises the substrate holder driving mechanisms 
for driving the substrate holder in order to convey the substrate between the position 
facing the film formation process zone and the position facing the reaction process 
zone, and the substrate holder conveying speed controlling mechanisms for 
controlling the conveying speed of the substrate holder. Accordingly, when the 
conveying speed of the substrate holder is only set, it is possible to easily form the 
thin film having the desired optical characteristic with a high reproducibility as 
compared with a case where the reactive gas flow rate is adjusted to adjust the 
optical characteristic of the formed thin film, 

[0025] In this case, the region where the hysteresis phenomenon occurs is a 
region of the optical characteristic value of the thin film at the reactive gas flow rate 
which is 15 seem or less and which does not include 0 seem, 

[0026] In this region, since the ratio of the change of the optical characteristic is 
large with respect to the change of the oxygen flow rate, and the hysteresis 
phenomenon occurs, it is very difficult to control the optical characteristic of the 
formed thin film by the adjusting of the oxygen flow rate. Therefore, by the use of the 
thin film forming apparatus configured to adjust the rotation speed of the substrate 
holder in stead of adjusting the oxygen flow rate in this region, the optical 
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characteristic of the formed thin film is controlled, and the thin film having the desired 
optical characteristic can be formed with a high reproducibility. 

[0027] Other advantages and the like of the present invention will be apparent 
from the following description. 

-BRIEF DESCRIPTIQN OF THE_DFV^W 

FIG. 1 is a pictorial schematic view showing a sputtering apparatus of an 
embodiment of the present invention; 

FIG. 2 is a transverse section pictorial view along a line A-B-C of FIG. 1 
showing the sputtering apparatus of an embodiment of the 
present invention; 

FIG. 3 is a graph showing dependence of a thin film optical characteristic on 
a substrate holder rotation speed; 

FIG. 4 is a graph showing dependence of the thin film optical characteristic 
on the substrate holder rotation speed; 

FIGS. 5A, B are pictorial views of an exemplary plasma source; 

FIG. 6 is a pictorial view of a further exemplary plasma source; 

FIG. 7 is an pictorial view of a further exemplary plasma source; 

FIG. 8 is a graph showing dependence of a thin film refractive index on an 
oxygen flow rate; and 

FIG. 9 is a graph showing dependence of a thin film decay coefficient on the 
oxygen flow rate. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0028] The present invention is an invention relating to a method of 
manufacturing a thin film and a sputtering apparatus for performing sputtering to 
form a thin film on a substrate. An embodiment of the present invention will be 
described hereinafter with reference to the drawings. It is to be noted that members, 
arrangement of the members and the like described hereinafter do not limit the 
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present invention, and can be variously modified within the scope of the present 
Invention. 

[0029] In the present embodiment, film fomiation and reaction of an Intermediate 
thin film are repeatedly performed to form a thin film In order to obtain a targeted 
optical characteristic value and film thickness. 

[0030] A range of a targeted optical characteristic value of the thin film indicate 
optical characteristic values in a region wherein a hysteresis phenomenon occurs in 
which a change route of the optical characteristic value changes with respect to a 
reactive gas flow rate In a case where a flow rate of a reactive gas is increased and 
in a case where the rate is decreased. The reactive gas is introduced in sputtering a 
single type or a plurality of types of metals to form the thin film. 

[0031] FIG. 1 is a pictorial schematic view showing a sputtering apparatus 
according to an embodiment of the present embodiment. FIG. 2 is a transverse 
section pictorial schematic view along a line A-B-C of FIG. 1 . In the present 
embodiment, the sputtering apparatus is used for performing magnetron sputtering 
which is one example of sputtering, but the present invention is not limited to this 
apparatus. Another sputtering apparatus is usable which performs another known 
sputtering such as two-pole sputtering without using magnetron discharge. 

[0032] Main constituting elements of a sputtering apparatus 1 of the present 
embodiment include: a vacuum tank 1 1 ; a substrate holder 13 for holding In the 
vacuum tank 11a substrate (not shown) on which a thin film is to be formed; a servo 
motor 17 which is substrate holder driving mechanism for driving the substrate 
holder 13; a control device 90 which is a substrate holder conveying speed 
controlling mechanism for controlling the servo motor 17; a film formation process 
zone to perform an intermediate thin film forming step; a reaction process zone 60 in 
which an intermediate thin film formed in the film formation process zone is brought 
into contact with an active seed of a reactive gas mixed with an Inactive gas to 
perform a film composition converting step; partition walls 12, 16 which is a 
partitioning mechanism for forming the reaction process zone 60; magnetron 
sputtering electrodes 21a, 21b which are sputtering electrodes; an altemating- 
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current power supply 23; and an active seed generation device 61 which is an active 
seed generating mechanism for generating an active seed. 

[0033] It is to be noted that in the present specification, the intermediate thin film 
is formed of a metal or a metal incomplete oxide, and is formed in the film formation 
process zone. 

[0034] The vacuum tank 1 1 is formed of stainless steel usually used in a known 
sputtering apparatus, and a hollow member having a substantially rectangular 
parallelepiped shape. The vacuum tank 1 1 may have a hollow cylindrical shape. 
The bottom face of the vacuum tank 1 1 is connected to exhaust piping. As shown in 
FIG. 2, this piping is connected to a vacuum pump 15 for exhausting in the vacuum 
tank 11. 

[0035] The degree of vacuum in the vacuum tank 1 1 can be adjusted by the 
vacuum pump 15 and a controller (not shown). The substrate holder 13 is disposed 
substantially in a middle in the vacuum tank 1 1 . The substrate holder 13 has a 
cylindrical shape, and holds a plurality of substrates on its outer peripheral face. The 
substrate holder 13 may have a hollow polygonal pole shape, or a substantially 
conical hollow shape instead of the cylindrical form. 

[0036] The substrate holder 13 is electrically Insulated from the vacuum tank 1 1 , 
and has a floating state in a potential manner. The substrate holder 13 is disposed 
in the vacuum tank 1 1 in such a manner that a central axial line Z in a cylindrical 
direction of a cylinder extends in a vertical direction of the vacuum tank 1 1 . While a 
vacuum state in the vacuum tank 11 is maintained, the substrate holder 13 is 
rotated/driven centering on the central axial line Z by the servo motor 17 disposed 
above the vacuum tank 1 1 . 

[0037] The servo motor 1 7 Is a known servo motor, and is controlled by the 
control device 90 which is a control mechanism. The substrate holder 13 rotates by 
the driving of the servo motor 17, and a rotation speed is arbitrarily controlled in a 
range of 1 0 rpm to 1 50 rpm. 

[0038] The outer peripheral face of the substrate holder 1 3 is provided with the 
substrate holding mechanisms (not shown) for holding the substrates on the 
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substrate holder 13, the substrate holding mechanisms are provided with concave 
portions (not shown) in which the substrates are to be stored, and the concave 
portions are formed in a row in a vertical direction. 

[0039] In the present embodiment, It is assumed that the substrate having a flat 
plaie shape is used whose face (hereinafter referred to as the 'film forming face") for 
forming the thin film extends in parallel with a face (hereinafter referred to as the 
"substrate back face") opposite to the film forming face. A base constituting the 
substrate holding mechanisms is formed into such a shape that the surface of the 
concave portion facing the substrate back face turns in a direction vertical to the 
central axial line Z of the substrate holder 13, when the substrate is held. Therefore, 
the film forming face of the substrate turns to the direction vertical to the central axial 
line Z of the substrate holder 13. 

[0040] The film fomriation process zone 20 and the reaction process zone 60 are 
formed by the partition walls 12, 16 fixed in the vacuum tank 1 1 . The film formation 
process zone 20 is formed in a surrounded state by the partition wall 12, and the 
reaction process zone 60 is formed in a surrounded state by the partition wall 16. 

[0041] In the present embodiment, the partition wall 16 is fixed in the vacuum 
tank 1 1 in such a manner that the reaction process zone 60 is formed in a position 
rotated from a position where the film formation process zone 20 is formed by about 
90 degrees on a circumference centering on a rotation axis of the substrate holder 
13. 

[0042] When the substrate holder 13 is rotated/driven by the servo motor 17, the 
substrate held by the substrate holder 13 is conveyed between a position facing the 
film formation process zone 20 and a position facing the reaction process zone 60. 
Accordingly, the substrate relatively moves with respect to targets 29a, 29b disposed 
in the film formation process zone 20 as described later. It is to be noted that the 
partition walls 12, 16 in the present embodiment are cylindrically rectangular 
parallelepiped member whose pair of faces facing each other are opened, and is 
formed of stainless steel. The partition walls 12. 16 are fixed between a side wall of 
the vacuum tank 1 1 and the substrate holder 1 3 in a vertically extended state from 
the side wall of the vacuum tank 11 toward the substrate holder 13. In this case, 
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one opened side of each of the partition walls 12, 16 abuts on the side wall of the 
vacuum tank 1 1 , and the other opened side is fixed in the vacuunn tank in such a 
manner as to face the substrate holder 13. In each of the partition walls 12, 16, a 
piping for water cooling (not shown) is attached In such a manner as to cool the 
partition walls 12, 16. 

[0043] The film formation process zone 20 Is connected to a mass flow controller 
25 which is a gas introducing mechanism via a piping. The mass flow controller 25 
is connected to a sputtering gas container 27 to store an argon gas which is an 
inactive gas, and is connected to a reactive gas 25 container 79 to store a reactive 
gas. The reactive gas can be introduced from the reactive gas container 79 into the 
film formation process zone 20 through the piping under control by the mass flow 
controller 25. Examples of the reactive gas are supposed to include an oxygen gas, 
nitrogen gas, fluorine gas, ozone gas and the like. 

[0044] The magnetron sputtering electrodes 21a. 21b are disposed on a wall 
surface of the vacuum tank 1 1 in such a manner as to face the outer peripheral face 
of the substrate holder 13 in the film formation process zone 20. 

[0045] The magnetron sputtering electrodes 21a, 21b are fixed to the vacuum 
tank 1 1 disposed in a ground potential via an Insulating member (not shown). The 
magnetron sputtering electrodes 21a, 21b are connected to the alternating-current 
power supply 23 via a transformer 24, and are constituted in such a manner that an 
alternating electric field is applicable. The magnetron sputtering electrodes 21a, 21b 
hold the targets 29a, 29b. The targets 29a, 29b have flat plate shapes, and are held 
in such a manner that the surfaces of the targets 29a, 29b facing the outer peripheral 
face of the substrate holder 13 are directed in a direction vertical to the central axial 
line Z of the 20 substrate holder 13. 

[0046] It is to be noted that, although not shown, a movable pre-sputtering shield, 
is disposed between the targets 29a, 29b and the substrate holder 13 in the film 
formation process zone 20 in such a manner as to interrupt or open between the 
targets 29a, 29b and the substrate holder 13. When starting sputtering, the pre- 
sputtering shield interrupts between the targets 29a, 29b and the substrate holder 13 
until the sputtering is stably performed. After the sputtering is stably performed, the 
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shield opens between the targets 29a, 29b and the substrate holder 13 to thereby 
deposit sputtering atoms on the substrate after the sputtering is stabilized. 

[0047] An opening is formed in the wall face of the vacuum tank 1 1 of the reaction 
process zone 60 and connected to the active seed generation device 61 which is an 
active seed generating mechanism. 

[0048] The active seed generation device 61 is referred to also as a radical 
source, and comprises: a reactive gas plasma generation chamber 63 comprising a 
quartz tube for generating reactive gas plasmas; a coiled electrode 65 wound around 
the reactive gas plasma generation chamber 63; a matching box 67; a high- 
frequency power supply 69 connected to the coiled electrode 65 via the matching 
box 67; a mass flow controller 77; and the reactive gas container 79 connected via 
the mass flow controller 77. 

[0049] As to the plasmas generated by electric discharge in the reactive gas 
plasma generation chamber 63 of the active seed generation device 61 , constituting 
elements are plasma ions, electrons, radicals, radicals having excited states, atoms, 
molecules and the like. 

[0050] The active seed of the reactive gas in the plasma generated in the reactive 
gas plasma generation chamber 63 can participate in a reaction process in the 
reaction process zone 60. 

[0051] The active seeds of the reactive gas are ions, radicals and the like. The . 
radicals are free radicals, and atoms or molecules having one or more unpaired 
electrons. The excited state indicates a state having energy higher than that of a 
stable base state having lowest energy. The reactive gas, for example, an oxygen 
gas, is supplied into the reactive gas plasma generation chamber 63 from the 
reactive gas container 79 via the mass flow controller 77, and a high-frequency 
power is applied to the coiled electrode 65 from the high-frequency power supply 69 
via the matching box 67. Then, the plasma of the reactive gas is generated in the 
reactive gas plasma generation chamber 63. 

[0052] Moreover, as shown in FIGS. 1 and 2, external magnets 71 are disposed 
outside the reactive gas plasma generation chamber 63, and inner magnets 73 are 
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disposed in the reaction process zone 60. The external magnets 71 and inner 
magnets 73 have function of forming a magnetic field of 20 to 300 gauss and thereby 
generating high-density plasmas in a plasma generation section to enhance an 
active seed generation efficiency. It Is to be noted that in the present embodiment, 
both the external magnet 71 and the inner magnet 73 are disposed, but either one of 

the external maghetTi ahd'the iriner magriet 73 may ^b^^^ A method of 

manufacturing a thin film will be hereinafter described using the above-described 
sputtering apparatus 1 of the present embodiment in accordance with an example for 
manufacturing a silicon oxide (Si02) dielectric thin film. 

[0053] It is to be noted that in the present specification, the example will be 
described in which silicon or niobium is used as the target, but the usable target is 
not limited to a single type of metal. That is, even when a plurality of types of metals 
are used as targets, a rotation speed of the substrate holder is controlled in a range 
in which a hysteresis phenomenon occurs, so that optical characteristics of the thin 
film can be controlled. 

Forming the Thin Film of Silicon Oxide 

[0054] First, the substrate and the targets 29a, 29b are disposed in the sputtering 
apparatus 1 . The substrate is held in the substrate holder 13 by the substrate 
holding mechanism. The targets 29a, 29b are held by the magnetron sputtering 
electrodes 21a, 21b, respectively. Silicon (Si) is used as materials of the targets 
29a, 29b. 

[0055] A targeted range of an optical characteristic value of the thin film is a 
region where the hysteresis phenomenon occurs in which a change route of the 
optical characteristic value with respect to a reactive gas flow rate differs in a case 
where the flow rate of the reactive gas is increased and a case where the rate is 
decreased. The reactive gas is introduced in sputtering the targets comprising a 
single type or a plurality of types of metals. 

[0056] The hysteresis phenomenon is a phenomenon in which a value of B differs 
with respect to the same A depending on the route of the change of A in a case 
where the other amount B changes with the change of a certain amount A. The 
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present specification indicates a phenomenon in which values of a refractive index, 
decay coefficient and the like indicating the optical characteristics of the thin film 
change in the different routes in the increase and decrease route of the flow rate of 
the reactive gas Introduced when sputtering the targets comprising a single type or a 
plurality of types of metals. 

[0057] Next, the vacuum tank 1 1 is decompressed to a predetermined pressure, . 
the servo motor 17 Is operated, and rotation of the substrate holder 13 is started. 

[0058] A rotation speed of the substrate holder 13 is selected from a range of 10 
rpm to 100 rpm, preferably 10 rpm to 60 rpm, In such a manner that the thin film 
having the desired optical characteristics is formed, and the control device 90 is set. 

[0059] Subsequently, after the pressure in the vacuum tank 1 1 Is stabilized, the 
pressure in the film formation process zone 20 is adjusted to 0.1 to 1 .3 Pa. Next, an 
argon gas which is an inactive gas for sputtering is introduced together with an 
oxygen gas which is a reactive gas into the film formation process zone 20 via the 
sputtering gas container 27 and the reactive gas container 79 while flow rates are 
adjusted by the mass flow controller 25, and an atmosphere for performing the 
sputtering is adjusted In the film formation process zone 20. 

[0060] In this case, the flow rate of the argon gas introduced into the film 
formation process zone 20 is about 300 seem. The flow rate of the oxygen gas 
introduced in the film formation process zone 20 is adjusted Into a desired value as 
described later. It is to be noted that a flow rate unit "seem" indicates a flow rate 
per minute at 0°C in 101325 Pa, and is equal to em^/min. 

[0061] Next, an alternating-current voltage having a frequency of 1 to 100 KHz is 
applied to the magnetron sputtering electrodes 21a, 21b from the alternating-current 
power supply 23 via the transformer 24, so that an alternating electric field is 
applied to the targets 29a, 29b. Accordingly, the target 29a forms a cathode 
(negative pole) at a certain time. In this case, the target 29b necessarily forms an 
anode (positive pole). 

[0062] When a direction of an alternating current changes at the next time, the 
target 29b forms the cathode, and the target 29a forms the anode. When a pair of 
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targets 29a, 29b alternately form the anode and cathode, a plasma is formed, and 
the target on the cathode is sputtered. When starting the sputtering, the pre- 
sputterlng shield interrupts between the targets 29a, 29b and the substrate holder 
13 until the sputtering is performed stably. After the sputtering is stably performed, 
the shield opens between the targets 29a, 29b and the substrate holder 13. 
Accordingly, after the sputtering is stabilized, spufterihg atoms can be "de^^ 
the substrate. 

[0063] While the sputtering is performed, nonconductive or low-conductive 
incomplete silicon oxide, silicon oxide or the like sometimes stick to the anode. 
When the anode is converted into the cathode by the alternating electric field, 
incomplete silicon oxide or the like is sputtered, and the target surface is brought into 
an original clean state. 

[0064] Moreover, when the pair of targets 29a, 29b repeatedly alternately form 
the anode and cathode, a stable anode potential state is constantly obtained, a 
plasma potential (usually substantially equal to an anode potential) is prevented from 
being changed, and incomplete silicon oxide is stably formed on the film forming face 
of the substrate. 

[0065] When the sputtering is performed in the film formation process zone 20 in 
this manner, an Intermediate thin film comprising silicon or Incomplete silicon oxide is 
formed on the film forming face of the substrate. The Incomplete silicon oxide is an 
Incomplete reactant In the present Invention, and indicates incomplete silicon oxide 
SiOx (x < 2) lacking in oxygen which Is a constituting element of silicon oxide SiOa. 

[0066] A composition of a material constituting the intermediate thin film is 
determined by adjusting of the flow rate of the oxygen gas introduced into the film 
formation process zone 20, and a film thickness of the intermediate thin film is 
determined by the adjusting of the rotation speed of the substrate holder 13. 

[0067] That is, a relation is formed between the flow rate of the oxygen gas 
introduced into the film formation process zone 20, and a stoichiometric coefficient x 
of incomplete silicon oxide SiOx (x < 2) constituting the intermediate thin film, and the 
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relation indicates that a value of the stoichiometric coefficient x increases with an 
increase of the flow rate of the introduced oxygen gas. 

[0068] Moreover, when the rotation speed of the substrate holder 13 is raised, a 
sputtering time in the film formation process zone shortens. Therefore, the number 
of partjcles deposited on the substrate is reduced, and the film thickness of the 
intermediate thin film decreases. 

[0069] In the present embodiment, the flow rate of the introduced oxygen gas is 
adjusted into a desired value in such a manner that silicon or incomplete silicon 
oxide having a desired stoichiometric coefficient x is formed on the film forming face 
of the substrate, the rotation speed 20 of the substrate holder 13 is adjusted in such 
a manner as to form a desired film thickness, and the sputtering is performed in the 
film formation process zone 20. While the sputtering is performed, the intermediate 
thin film comprising silicon or incomplete silicon oxide is formed on the film forming 
face of the substrate, while rotating/driving the substrate holder 13 at a 
predetermined rotation speed to move the substrate holder 13. 

[0070] Furthermore, although not shown, correction and shield plates are 
disposed between the magnetron sputtering electrodes 21a, 21b and the substrate 
holder 1 3, and the intermediate thin film may be formed in such a manner as to have 
a film thickness distribution in accordance with the shape of the shield plate. 

[0071] The intermediate thin film comprising silicon or incomplete silicon oxide is 
formed on the film forming face of the substrate in the film formation process zone 
20. Accordingly, after performing an intermediate thin film forming step, the 
substrate is conveyed from a position facing the film formation process zone 20 to 
that facing the reaction process zone 60 by the rotating/driving of the substrate 
holder 13. 

[0072] In the present embodiment, in the reaction process zone 60, the silicon or 
incomplete silicon oxide constituting the intermediate thin film is oxidized/reacted and 
converted Into silicon oxide (SiOa) to thereby perform a film composition converting 
step. 
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[0073] An oxygen gas, which is a reactive gas, is introduced into the reaction 
process zone 60 from the reactive gas container 79. A high-frequency power of 100 
KHz to 50 MHz is applied to the coiled electrode 65 to generate plasmas by the 
active seed generation device 61 . It is to be noted that the pressure of the reaction 
process zone 60 is maintained at 7.0x10"^ to 1 .0 Pa. The active seeds of the 
reactive gas exist in the plasmas In the reactive gas pl 

and the active seeds of the reactive gas are introduced into the reaction process 
zone 60. 

[0074] IVIoreover, the substrate holder 13 rotates, and the substrate is conveyed 
to the position facing the reaction process zone 60. The intermediate thin film 
comprising silicon or incomplete silicon oxide has been formed on the substrate. 
Then, in the reaction process zone 60, a step is performed to oxidize/react silicon or 
incomplete silicon oxide constituting the intermediate thin film. That is, silicon or 
incomplete silicon oxide is oxidized/reacted by the active seed of the oxygen gas, 
and converted into a silicon oxide (Si02) - 

[0075] At this time, the rotation speed of the substrate holder 13 is adjusted to 
thereby determine the composition of the intermediate thin film. 

[0076] When the rotation speed of the substrate holder 13 is increased, the film 
thickness decreases on the intermediate thin film formed in the film formation 
process zone 20, and the reaction is facilitated in the reaction process zone 60. 
Therefore, a conversion ratio of silicon, incomplete silicon oxide (SiOx) into silicon 
oxide (Si02) increases in the reaction process zone. 

[0077] That is, in the reaction process zone 60, an amount of silicon, incomplete 
silicon oxide (SiOx) converted into silicon oxide (Si02) changes depending on the 
rotation speed of the substrate holder 13. The composition of the formed thin film 
changes depending on the rotation speed of the substrate holder 13. 

[0078] Therefore, when the rotation speed of the substrate holder 13 is adjusted, 
it is possible to adjust the composition of silicon, incomplete silicon oxide (SiOx), 
silicon oxide (SiOa) constituting a finally formed thin film. The optical characteristics 
of the finally formed thin film are determined. 
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[0079] When the rotation speed of the substrate holder 13 is adjusted in this 
manner, the composition of the thin film is determined, and it is possible to form the 
thin film having the desired optical characteristic. 

[0080] FIG. 3 is a graph showing a relation between the rotation speed of the 
substrate holder 13 and the optical characteristic of the formed thin film. 

[0081] A refractive index and a decay coefficient are selected as parameters of 
evaluation of the optical characteristics of the formed thin film, the abscissa indicates 
a substrate holder rotation speed (rpm), and the ordinate indicates the refractive 
index and decay coefficient. 

[0082] As shown in FIG. 3, according to the method of forming the thin film 
according to the present embodiment, the refractive index of the formed thin film can 
be controlled into the range of 2.02 to 1.475 with the increase of the rotation speed 
of the substrate holder 13, and the decay coefficient can be controlled into the range 
of 1.6x10'^ to 5.0x1 0"^ 

[0083] In the present embodiment, the rotation speed (rpm) of the substrate 
holder 13 is determined in such a manner as to form the thin film having desired 
refractive index and decay coefficient based on FIG. 3. 

[0084] It is to be noted that the optical characteristics of the thin film were 
evaluated using measurement data of a spectral ellipse meter. 

[0085] Table 1 is a table showing the rotation speed of the substrate holder and a 
substrate passing time in the film formation process zone and reaction process zone 
in the present embodiment. 



Rotation 


Film forming rate 




Film thickness 




speed 


before reaction 


Sputtering 


before reaction 


Reaction 


(rpm) 


(nm/s) 


time (s) 


(nm) 


time (s) 


150 


0.2 


5.63E-2 


1.13E-2 


5.39E-2 


140 


0.2 


6.04E-2 


1.21E-2 


5.77E-2 


130 


0.2 


6.50E-2 


1 .30E-2 


6.22E-2 


120 


0.2 


7.04E-2 


1.41E-2 


6.74E-2 


110 


0.2 


7.68E-2 


1.54E-2 


7.35E-2 


100 


0.2 


8.45E-2 


1.69E-2 


8.08E-2 
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90 


0 2 


9 39E-2 


1 88E-2 


8 98E-2 


80 


0.2 


1 .06E-1 


2.11E-2 


1.01E-1 


70 


0.2 


1.21E-1 


2.41 E-2 


1.15E-1 


60 


0.2 


1.41E-1 


2.82E-2 


1.35E-1 


50 


0.2 


1 .69E-1 


3.38E-2 


1 .62E-1 


40 


0.2 


2.11E-1 


4.23E-2 


2.02E-1 


30 


0.2 


2.82E-1 


5.63E-2 


2.69E-1 


20 


- 0:2 


4 23E-1- 


8.45E-2 


4.04E-1 


10 


0.2 


8.45E-1 


1 .69E-1 


8.08E-1 



Table 1 



[0086] When the rotation speed of the substrate holder is adjusted in this manner, 
it is possible to control a sputtering time in the film formation process zone and a 
reaction time in the reaction process zone. As a result, it is possible to control the 
composition of the finally formed thin film, 

[0087] Moreover, in the film composition converting step in the reaction process 
zone 60, a final thin film is formed in such a manner that the film thickness of the 
final thin film is larger than that of the intermediate thin film. 

[0088] That is, when converting, into silicon oxide (Si02), silicon or incomplete 
silicon oxide SiOx (x < 2) constituting the intermediate thin film, the intermediate thin 
film is expanded, and the film thickness of the final thin film is set to be larger than 
that of the intermediate thin film. 

[0089] An expansion ratio depends on the flow rate of the oxygen gas introduced 
in the film formation process zone 20. That is. the flow rate of the oxygen gas 
introduced in the film formation process zone 20 is decreased in the intermediate 
thin film forming step in the film formation process zone 20. There is a relation such 
that an increase ratio of the film thickness increases with reduction of the value of 
the stoichiometric coefficient x of incomplete silicon oxide. In other words, in the 
intermediate thin film forming step, the flow rate of the oxygen gas introduced in the 
film formation process zone 20 is adjusted to thereby determine the stoichiometric 
coefficient x (when x is set to 0, the intermediate thin film comprises silicon) of 
incomplete silicon oxide constituting the intermediate thin film, and an increase ratio 
of the film thickness of the final thin film can be determined with respect to the 
intermediate thin film. 
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[0090] As described above, in the present embodiment, the rotation speed of the 
substrate holder is controlled, and the intermediate thin film forming step and the film 
composition converting step are repeated, while rotating the substrate holder 13 on 
which the substrate is mounted. Accordingly, the formation of silicon or incomplete 
silicon oxide (SiOx (x < 2)) onto the substrate is repeated in the film formation 

process zone 20. The convereiori of silicon orlncomplete silicon oxide SiOx into 

silicon oxide (Si02) is repeated in the reaction process zone 60. The thin film can be 
formed which has the desired film thickness and the desired optical characteristics. 

[0091] The step of sputtering silicon to form the thin film has been described, and 
niobium can be similarly sputtered to form the thin film. FIG. 4 is a graph of a 
niobium oxide dielectric thin film showing a relation between the rotation speed of the 
substrate holder 13 and the optical characteristics of the formed thin film. 

[0092] A refractive index and a decay coefficient are selected as parameters of 
evaluation of the optical characteristics of the formed thin film, the abscissa indicates 
a substrate holder rotation speed (rpm), and the ordinate indicates the refractive 
index and decay coefficient. 

[0093] As shown in FIG. 4, according to the method of forming the thin film 
according to the present embodiment, the refractive index of the formed thin film can 
be controlled into a range of 3.50 to 2.35 with the increase of the rotation speed of 
the substrate holder 13, and the decay coefficient can be controlled into a range of 
6.5x10-2 to 5.0x10 ^ 

[0094] In the present embodiment, the rotation speed (rpm) of the substrate 
holder 13 is determined in such a manner as to form the thin film having desired 
refractive index and decay coefficient based on FIG. 4. 

[0095] Operating conditions will be described hereinafter in a case where silicon 
is sputtered to form a thin film and a case where niobium is sputtered to form a thin 
film. 

(1) Sputtering conditions of silicon 

Supplied power: 7.0 kW 

Substrate temperature: room temperature 
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Pressure in film formation process zone: 
Applied alternating-current voltage frequency: 
Complete compound rate: 



1.3 Pa 
40 KHz 
0,40 nm/s 



(2) Sputtering conditions off niobium 

Supplied power: 4.5 kW 

Substrate temperature: room temperature 

Pressure in film formation process zone: 1 .3 Pa 

Applied alternating-current voltage frequency: 40 KHz 

Complete compound rate: 0.35 nm/s 



(3) Driving conditions off active seed generation device 

Device: inductive coupling generation source shown in FIGS. 1 

and 2 

Supplied power: 2.0 kW 
Pressure: 0.65 Pa 

[0096] In the present embodiment, silicon and niobium were 5 used as materials 
of the targets, but the materials are not limited to them, and the materials of the 
targets 29a, 29b can be variously changed. 

[0097] (a) Metals are usable such as aluminum (Al), titanium (Ti), zirconium (Zr), 
tin (Sn), chromium (Cr), tantalum (Ta), tellurium (Te), iron (Fe), magnesium (Mg), 
hafnium (Hf), nickel-chromium (Ni-Cr), and indium-tin (InSn). Compounds of these 
metals are also usable such as AI2O3 Ti02, Zr02, Ta205, Si02, Hf02. 

[0098] When these targets are used, by the contact of the active seeds of the 
reactive gas in the reaction process zone 60, the film is formed: for example, an 
optical or insulating film of AI2O3, Ti02. Zr02, Ta205, Hf02, MgF2 or the like; a 
conductive film of ITO or the like; a magnetic film of Fe203 or the like; or a super hard 
film of TIN, CrN, TIC or the like, 

[0099] (b) In the above-described embodiment, as shown in FIG. 1, the reactive 
gas is introduced into the film formation process zone 20 and the reaction process 
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zone 60 from the same reactive gas container 79, but the present invention is not 
limited to this constitution. The film formation process zone 20 and the reaction 
process zone 60 may be connected to different gas containers so that different 
gases having the same element can be introduced. 

[00100] In the above-described embodiment, oxygen Is Introduced as the reactive 
gas into the film formation process zone 20 and reaction process zone 60. 
Additionally, various gases can be Introduced such as: an oxidizing gas of ozone, 
nitrogen oxide (N2O) or the like; a nitriding gas of nitrogen or the like; a carbonic 
gas of methane or the like; a fluoric gas of fluorine, carbon fluoride (CF4) or the like. 
It is to be noted that when a nitrogen gas is introduced into the film formation 
process zone 20, the Introduced gas flow rate may be set to 300 seem of argon gas 
which Is an inactive gas, and 9 to 60 seem of nitrogen gas. 

[00101] (e) In the present embodiment, as shown In FIGS. 1 and 2, as a reactive 
gas plasma section, an Inductive coupling plasma source Is used in which the 
electrodes are disposed outside or Inside the reactive gas plasma generation 
chamber Other sources are usable: (1) an inductive coupling plasma source In 
which a coiled electrode is disposed in the reactive gas plasma generation 
chamber; (2) a capacity coupling plasma source; and (3) an inductive capacity 
coupling mixed plasma source. These are explained in more detail below. 

[00102] (1) The plasma source shown in FIGS. 5A, B is an inductive coupling 
plasma generation source in which a spiral (pyrethrum-coll-shaped) electrode 91 is 
disposed on an atmospheric side of a reactive gas plasma generation chamber 63 
comprising a dielectric like disc-shaped quartz glass, and a high-frequency power of 
100 KHz to 50 MHz Is applied to the spiral electrode 91 to generate plasmas. FIG. 
5B is a substantially explanatory plan view of the spiral electrode 91 . 

[00103] (2) The plasma source shown in FIG. 6 is a capacity coupling plasma 
generation source in which a flat-plateshaped electrode 93 is disposed in a reactive 
gas plasma generation chamber 63, and a high-frequency power of 100 KHz to 50 
MHz is applied to the flat-plate-shaped electrode 93 to generate plasmas. 
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[00104] (3) The plasma source shown in FIG. 7 is a plasma generation source in 
which a coiled electrode 95 or a spiral electrode is disposed in the reactive gas 
plasma generation chamber 63, and a high-frequency power of 100 KHz to 50 MHz 
is applied to the electrode to generate mixed plasmas of inductive coupling and 
capacity coupling plasmas. When the shape or the like of the coil Is adjusted, a 
helicon wave plasrha source'ls cbhstituted, and a generation efficiency of active 
seeds in the plasma can be enhanced. 

[00105] (d) In the above-described embodiment, a so-called "carousel-type" 
sputtering apparatus is used, but the present invention is not limited to the device. 
That is, any sputtering device may be used as long as the substrate holder can be 
repeatedly conveyed between the film formation process zone and the reaction 
process zone, and the conveying speed can be controlled unless the substrate 
holder is rotated/driven. 

[00106] For example, a sputtering apparatus may be constituted in such a manner 
as to repeatedly move the substrate holder in parallel. The processes in the 
intermediate thin film forming step and film composition converting step are similar to 
those of the method of manufacturing the thin film using the sputtering apparatus 1 
described in the above-described embodiment. When the conveying speed of the 
substrate holder is adjusted, the sputtering time and reaction time are adjusted, 
and the optical characteristics of the formed thin film can be determined. 

[00107] For the purposes of promoting an understanding of the principles of the 
invention, reference has been made to the preferred embodiments illustrated in the 
drawings, and specific language has been used to describe these embodiments. 
However, no limitation of the scope of the invention is intended by this specific 
language, and the invention should be construed to encompass all embodiments that 
would normally occur to one of ordinary skill in the art. 

[00108] The present invention may be described in terms of functional block 
components and various processing steps. Such functional blocks may be realized 
by any number of hardware and/or software components configured to perform the 
specified functions. Furthermore, the present invention could employ any number of 
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conventional techniques for electronics configuration, signal processing and/or 
control, data processing and the like. 

[00109] The particular implementations shown and described herein are 
illustrative examples of the invention and are not intended to othenA^ise limit the 
scope of the invention in any way. For the sake of brevity, conventional electronics, 
control systems, and other functional aspects of the systems (and components of the 
individual operating components of the systems) may not be described in detail. 
Furthermore, the connecting lines, or connectors shown in the various figures 
presented are intended to represent exemplary functional relationships and/or 
physical or logical couplings between the various elements. It should be noted that 
many alternative or additional functional relationships, physical connections or logical 
connections may be present in a practical device. Moreover, no item or component 
is essential to the practice of the invention unless the element is specifically 
described as "essential" or "critical". Numerous modifications and adaptations will be 
readily apparent to those skilled in this art without departing from the spirit and scope 
of the present invention. 
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